P. expansum can be very rapid. To prevent patulin contamination in apples and apple products, they are often kept in cold storage before processing. However, the cold storage of apples is energy consuming and costly. So it is very important to understand the optimal conditions for apple storage to prevent patulin contamination of apples and apple products. In this study, we studied the relationship between storage temperature and time for patulin formation in apples, using the most popular cultivar (Fuji) that is used for apple processing as well as some other cultivars which are harvested earlier than Fuji and that are also used for processing.
Materials and methods

Chemicals and fungi
Patulin, 4-hydroxy-4H-furo-[3,2-c]pyran-2(6H)-one, standard was purchased from Sigma-Aldrich (MI, USA) and Biopure (Tulln, Austria). Patulin standard stock solution was made in ethyl acetate and stored at -20 ºC. To make the patulin working solution, an aliquot of patulin stock solution was put into a small amber glass vial and dried under a gentle stream of nitrogen gas, then it was dissolved with acetic acid-water pH 4 (water adjused its pH to 4 by acetic acid). 5-HMF, 5-hydroxymethylfurfural, was purchased from Acros (Geel, Belgium). Potato dextrose agar (PDA) medium was purchased from Difco (MD, USA). All other chemicals were either HPLC grade or GR grade and purchased from Kanto Chemical Co. Ltd (Tokyo, Japan) and used without further purification. Water was purified by Mill-Q system (Millipore, MA, USA).
Four strains of P. expansum were cultured of PDA slant medium for 2 to 3 weeks. Patulin production by these fungi on apples was tested and confirmed using the method described later.
Penicillium expansum Pa977 and Pa948, isolated by Dr. K. Suzaki at National Institute of Fruit Tree Science were donated from Dr. Tabata (Tokyo, Japan).
Preparation of samples
A spore suspension of the mold was prepared using 0.1 % Tween 20
solution. The surface of the apple was wiped with 80 % ethanol and spores were inoculated into the apple about 1~2 mm below the surface using a needle. Apples were individually wrapped in aluminum foil then incubated at the designated temperature in the dark. The temperature of incubators and apple samples during cultivation was monitored using a Center 309 data logger thermometer (MK Sientific, Tokyo, Japan). After incubation, the decayed area of the apple was measured.
For patulin analysis, the apple was divided into 9 pieces using an apple cutter. From in our previous study, patulin concentrations in juice and pressed residue were almost same (data not shown) the piece(s) which decay was observed was pressed to prepare juice for patulin analysis. For each study 5 to 6 apples were used.
Extraction of patulin from apple juice
Patulin was extracted from the samples using a method with minor modifications from AOAC-OMA method 995.10 12, 13) . Also for some samples, a more thorough clean-up method 14) was applied.
For the AOAC-OMA 995.10 methods, five grams of sample were measured into a 18 x 180 mm glass test tube and extracted twice with 10mL ethyl acetate (10 mL x 2). The ethyl acetate phases were combined and washed with 2 mL of 1.5 % sodium carbonate solution. The aqueous layer was reextracted with 5 mL of ethyl acetate. The ethyl acetate phases were combined and dried with 1 g of anhydrous sodium sulphate. The ethyl acetate phase was transferred to a 100 mL recovery shaped , the same amounts of sample were extracted by ethyl acetate and a silica gel column was used for the clean-up. 
LC and LC-MS analysis
Results & Discussion
LC and LC-MS analysis
As shown in Fig. 1 , patulin was detected around 13.5 min by both UV and MS and clearly separated from HMF. The lower detection limit (S/N=3) by UV absorbance for standard patulin was 0.01 ng and the quantitation curve was linear from 0.05 to 40 ng. Patulin was successively analyzed in the range from 2 to 40,000 µg/kg in apple juice. The lower detection limit (S/N=3) of patulin by m/z=153 was ca 0.1 ng and the quantitation curve was linear from 0. 5 to 40 ng.
Patulin was successively analyzed in the range from 20 to 40,000 µg/kg in apple juice.
Decay and patulin formation at 20 ºC
Apples are harvested mainly in autumn and in some cases apples are left at ambient temperature before being processed. Therefore in this study we inoculated four strains of P. expansum into Fuji apple and stored them at 20 ºC. Within 2 days after inoculation, the decay on the apples spread approximately 6 mm per day. As shown in Table 1 , after 8 days, the area of decay was 50 -68 mm in diameter and the patulin concentration per apple reached up to 2800 µg/kg, about 60 times more than the action level set by the Japanese Government (50 µg/kg). Also when these four isolates were inoculated on other cultivars of apples (Akibae, Sinano gold and Tugaru) the diameter of decay was. 28 -40 mm and 30 -4000 µg/kg of patulin were detected after 8 days. This result shows the importance of cooling apples rapidly after harvest to prevent the growth of P. expansum and patulin formation.
Effect of storage temperature for P. expansum growth and patulin contamination on apple When Fuji apples were inoculated with P. expansum and stored at -2.5 and -5 ºC, no decay occurred but the apples were frozen and lost their economic value (Table 2 ). When P. expansum was inoculated on a PDA plate it grew well at +2.5 and +5 ºC but when inoculated into apples at these temperatures it took 2-5 weeks for decay to be visible (Fig. 2) . However, once the decay became visible it increased appromately 1 mm diameter per day and patulin was produced in the apple (Fig.   2 ). Similar results were obtained even at +1 ºC (Fig. 3 ). Apples inoculated with P. expansum and then stored for 2 months at 1 ºC produced areas of decay 14 -45 mm in diameter and significant amounts of patulin were detected in the apples (Table 3) .
At -0.5 ºC, P. expansum grew on the PDA plate, but when inoculated into apples very slow growth, after some time lag, was observed at -0.5 ºC. Eighty three days after inoculation decay became 2 to 7 mm in diameter (Fig. 4) , but patulin was not detected from these apples ( Table 2) . At -1.0 ºC, P.
expansum (strains NRRL6069, Pa977 and Pa948, but not IFO-7100) grew on the PDA plate after some time lag, but no growth or patulin production was observed on the apples.
These results show that in order to maintain the commercial value of apple it is important to store them at just below 0 ºC so as to prevent spoilage by P. expansum and the formation of patulin.
Conclusion
Fungal spoilage by P. expansum and the formation of patulin can occur very quickly on apples if they are stored at +20 ºC and also at +5 ºC, the temperature at which apples are usually kept in cold storage. Our study showed that it is important to store apples just below zero centigrade to prevent fungal spoilage and patulin contamination so as to maintain the commercial value of apple. However, the commercial storage of apples at such a low temperature is energy consuming and expensive. Our results also showed that when apples are stored at +1 ºC (Table 2) , there is still the potential for fungal spoilage and patulin production by P. expansum. However, at low temperature even at +5 ºC (Fig. 2) , there is some time lag before the decay on apple by P. expansum starts. Therefore to prevent the formation of patulin it is very important to store apples in cool conditions as soon as possible after *a: Average of four P. expansum *b: Storage period is not applicable because frozen *c: Apple was frozen and no mold growth was obserbed. *d: No analysis was done because apple was frozen N.D.: Not Detected (less than 0.5 µg/kg at the portion analyzed) 
